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Abstract

:

Identifying the particulate matter (PM) sources is an essential step to assess PM effects on human health and understand PM’s behavior in a specific environment. Information about the composition of the organic or/and inorganic fraction of PM is usually used for source apportionment studies. In this study that took place in Dakar, Senegal, the identification of the sources of two PM fractions was performed by utilizing data on the elemental composition and elemental carbon content. Four PM sources were identified using positive matrix factorization (PMF): Industrial emissions, mineral dust, traffic emissions, and sea salt/secondary sulfates. To assess the effect of PM on human health the air quality index (AQI) was estimated. The highest values of AQI are approximately 497 and 488, in Yoff and Hlm, respectively. The spatial location of the sources was investigated using potential source contribution function (PSCF). PSCF plots revealed the high effect of transported dust from the desert regions to PM concentration in the sampling site. To the best of our knowledge, this is the first source apportionment study on PM fractions published for Dakar, Senegal.
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1. Introduction


As many studies have shown in the past, air pollution is a significant problem due to the multiple effects it has on human health, the environment [1,2,3], and climate [4]. Many resources and effort have been spent to reduce the particulate matter (PM) concentration levels and, consequently, their effects on human health and understand their behavior and properties in different environments [5,6]. Human health effects associated with PM pollution are premature death, hospital admissions, emergency room visit, asthma attack, chronic bronchitis, cancer, cardiovascular disease, diabetes, and restricted activity [7,8,9,10]. Identifying the (PM) sources and quantifying their contributions are essential steps towards effectively reducing ambient (PM) concentrations [11]. (PM) can be separated based on their size to coarse and fine. PM10 are defined as particles with a diameter equal or smaller to 10 μm, while PM2.5, which are often referred to as fine particles, have a diameter equal or smaller than 2.5 μm. Epidemiological studies have shown that PM2.5, due to their smaller size, can penetrate the lower tissues of the respiratory tract and induce more severe health-related issues [12]. The lifetime of the PM2.5 in the atmosphere is days to weeks, while for the PM2.5–10 is minutes to hours [13]. The fine particles originate mainly from anthropogenic and combustion related activities, as well as other urban and industrial activities [14,15].



The first step to all source apportionment studies is sampling. For more comprehensive results it is preferable if more than one PM size fractions are sampled. The Dichotomous [16], Gent Stacked Filter Unit sampler manufactured by the International Atomic Energy Agency (IAEA) contracted with the University of Gent [17], offers the advantage of simultaneous collection of fine (PM2.5) and coarse (PM2.5–10) fractions. Several techniques, both destructive and non-destructive, are used to analyze the chemical composition of PM samples. Some commonly used techniques are: energy dispersive X-ray fluorescence (EDXRF); synchrotron induced X-ray fluorescence (S-XRF); proton induced X-ray emission (PIXE); inductively coupled plasma with atomic emission spectroscopy (ICP-AES); and inductively coupled plasma with mass spectroscopy (ICP-MS). These methods differ with respect to detection limits, sample preparation, and cost [18,19]. The advantage of XRF over other commonly used analytical techniques is that it is a non-destructive technique and enables direct analysis of a sample without pre-treatment, and with minimum damage to the sample itself [20]. It has often been the method of choice for analysis of trace elements on filters and allows fast and simultaneous analysis over the total spectrum, thus enabling the analysis of numerous elements simultaneously [21].



To effectively understand particulate-related pollution in an area, it is crucial to identify PM sources by doing source apportionment (SA). SA models aim to reconstruct the impacts of emissions from different sources of PM, based on ambient data registered at monitoring sites [22]. Positive matrix factorization (PMF) is the most commonly used SA model, and it has been successfully implemented in many areas around the world with different characteristics [23,24]. The model is described for the first time by Paatero and Trapper [25]. The big advantage of PMF is that it can be used with little to no external information about the sources in an area, making it a perfect choice for studies conducted in less studied receptors. In order for PMF to find the solution (source profiles and contributions) that best fits the studied site, a relatively large amount of data consisting of chemical constituents gathered from a number of samples is required. According to [26], at least 50 chemically characterized samples are required for running multivariate models. To increase the total number of samples, datasets simultaneously collected at different sites within the same region or different size fractions can be pooled together in one matrix [27]. Additional tools such as hybrid trajectory-based methods that provide information about the geographical origin of pollutants can be used to assist the user in assigning the identified source profiles to actual sources or/and to verify the results of the SA analysis.



Dissemination of information on air quality in urban areas can lead to raised awareness and increased citizens’ involvement in those measures aiming at containing and reducing PM emissions. One of the first synthetic indices used for reporting air quality in an area adopted by the United States Environmental Protection Agency (US-EPA), was the Pollution Standard Index (PSI). In 1999, the EPA replaced the PSI index with Air Quality Index (AQI), which includes two new sub-indices, the ozone at ground level and fine particulate. (AQI) is an index to effectively communicate to the public the health risk due to the ambient concentrations of pollutants [28].



Dakar is the capital of Senegal, and the most developed city of the country, having an estimated population of five million inhabitants. The explosion of the population and the rapid increase of industrial and agricultural activities combined with a significant rise of the vehicular fleet resulted in a change of the city’s environment and a deterioration of the area’s air quality. Although the air-quality of the city is monitored by the management center of air quality, from the Environment Direction and Reserved Buildings [29], the number of studies in the area are very limited, and none of them is referring to source apportionment of PM2.5 and/or PM2.5-coarse [30,31]. Since Dakar is in close proximity to the many arid areas of the African region, coarse particles are expected to have a high impact on PM concentration levels in the area, and thus the study of this particular size fraction is critical. Overall, Dakar is an area in the world for which results regarding the composition and sources of PM are still scarce.



To address the aforementioned points, the main objective of this study was the identification of PM sources in Dakar, as well as to assess the AQI. The work focused on PM2.5 and PM2.5–10 fractions. The PM samples were simultaneously collected at two sites, Hlm (industrial area), and Yoff (near road area) in Dakar. The elemental composition of the samples was identified using a commercially available XRF instrument (EPSILON 5 by PANalytical, The Netherlands).




2. Experiments


2.1. Sampling


The sampling was performed in two sites, Hlm and Yoff. The sampler at Hlm site (latitude 14°42′53″ N, longitude 17°26′41″ W) was installed in an urban/ industrial area where many small factories as gases company, metal, food, and chemical industries are located. Hlm is considered an industrial district with 39,100 inhabitants in an area of approximately 2 km2. At Hlm, the sampler was installed above 2.5 m height, from the ground, to reduce the high impact of local dust resuspension. Yoff (latitude 14°45′14″ N, longitude 17°28′04″ W) is an area with 895 inhabitants and surface space of approximately 15 km2. The sampler was installed on the roadside across paint and printing factories, and having a distance of 2 km from the coast. The duration of each daily collection was about 24 h. Figure 1 shows the locations of the sampling sites.



Air masses could reach the sampling points undisturbed from all directions, and therefore the collected PM samples can be considered representative of the wider urban area. A low volume sampler from the University of GENT was used for sampling. The sampler is described in detail elsewhere [32]. Briefly, the sampler operates at a flow rate of 16 L min−1. It collects particulates that have an equivalent aerodynamic diameter (EAD) of less than 10 μm in separate “coarse” (2.5–10 μm EAD) and “fine” (<2.5 μm EAD) size fractions on two sequential 47 mm diameter filters. The discrimination against the >10 μm EAD particles is accomplished by a PM10 pre-impaction stage upstream of the stacked filter cassette. The air is drawn through the sampler by means of a diaphragm vacuum pump, which is enclosed in a special housing together with a needle valve, vacuum gauge, flow meter, volume meter, time switch (for interrupted sampling), and hour meter.



PM2.5 and PM2.5–10 were collected onto Nucleopore polycarbonate filters 47 mm diameter with 0.4 μm and 8 μm pore size, respectively [32]. After collection, the filters were kept in a desiccator to stabilize without hydration or contamination. The gravimetric quantification was performed with a Sartorius microbalance Secura and Quintix model 26 with an accuracy of 10−5 g. Filter weight was obtained from the average of three measurements when the variations were less than 0.5%.



During the years 2018–2019, a yearlong measurement campaign was performed to collect the PM2.5–10 and PM2.5 samples. The samples were collected twice per week; one sample during working days, and one during the weekend. This sampling protocol was selected to achieve the highest possible variation of source contributions, which is crucial for optimum performance of the source apportionment models. Several samples were collected throughout the period of 2018 and 2019, and 71 of each size fraction were selected to be analyzed by XRF. The selection was made to achieve maximum time coverage.




2.2. Elemental Analysis


The elemental composition of the samples was determined by Energy dispersive X-ray Fluorescence Spectroscopy (ED-XRF) using a commercially available system (Epsilon 5 by PANalytical, The Netherlands) [33]. Epsilon 5 is manufactured with optimized Cartesian-triaxial geometry and an extended K line excitation. A Ge X-ray detector is used to detect the characteristic X-rays emitted from the sample. The XRF system that was used is a secondary target system (ST-XRF). The system is equipped with nine secondary targets, and the operating conditions can be set for each target to achieve optimum analysis and performance. The total analysis time per sample was about 1.5 hour, and the operating conditions of the instrument are described in detail elsewhere [33].



Out of the 35 elements determined by the ED-XRF method, the ones used in the source apportionment analysis were Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr, and Pb. For an element to be included in the source apportionment analysis, a threshold of at least 50% of points higher than the detection limit (DL) was set. The DLs were calculated following the approach described in [34]. The DLs were in the range of 10 to 24 ng m−3, and the uncertainties in the range of 1 to 16%. Since the uncertainties are a very important input in the PMF analysis, they were realistically estimated taking into account the individual uncertainties of every step of the analytical and sampling process [34].




2.3. Black Carbon Analysis


Black carbon (BC) or light absorbing carbon (LAC) is one of the most significant constituents of PM. A precise and accurate determination of both the concentration and source contribution of BC in air particulate samples can provide key information for both environmental management regulators and researchers. To measure (LAC) on the samples the Multi-wavelength absorption black carbon instrument (MABI) was used. The MABI (Figure 2), which is developed at ANSTO, measures the (Io) (measured light transmission through blank/unexposed filter) and (I) (measured light transmission through filter after particle sampling) values for seven different wavelengths which are used to determine the mass absorption coefficient and black carbon concentrations at each of these wavelengths. These wavelengths are 405, 465, 525, 639, 870, 940, and 1050 nm. MABI unit does not automatically calculate (BC) values in concentration units (μg m−3).



The first step for the calculation of BC values in concentration units (μg m−3) is the calculation babs (black carbon light absorption coefficient) using Equation (1). For that, it is necessary to know the exposed area of the filters (A) and sampled air volume (V).


   b  a b s   =   100  A V  ln     Io  I    =    BC ∗ ε  / 1000  



(1)







	
ϵ = Mass absorption coefficient in m2 g−1



	
A = Filter collection area in cm2



	
V = Volume of air sampled through the filter in m3



	
Io’ Ro = Measured light transmission and reflection through blank (unexposed) filter



	
I, R = Measured light transmission and reflection through filter after particle sampling.






The calculation of (BC) values in concentration units (μg m−3) is done by using Equation (3). The accuracy of these equations relies on the mass absorption coefficient (ε), which is a strong function of the size and density of the light absorbing particles. As black carbon can be emitted from a range of different sources with a range of different densities and sizes, ε is wavelength and density dependent. Ignoring this can result in an inaccurate estimation of black carbon concentrations depending on the dominant sources present. In the absence of any detailed information on aerosol state of mixing we use the default value 5.39 m2 g−1 at 870 nm for ε as provided by the manufacturer [34]. However, some indication on certain sources of PM is derived from the Angstrom exponent calculated from the MABI measurements on the 7 wavelengths. An indication for the Angstrom exponent is given when we plot the mass absorption coefficient for each wavelength (Figure 3). The value of −1267 indicated that part of the BC in our measurement sites originates from biomass burning [35].




2.4. PMF


The basic mass balance equation that is used by PMF can be written as


  X   = G × F +   E  



(2)




where X is the PM chemical composition matrix, G is the source contribution matrix, F the factor profile matrix, and E the residuals [36]. In PMF, G and F are constrained not to be negative (more accurately, only very slightly negative values are allowed). These constraints help the model achieve environmentally reasonable solutions, as it is impossible to have sources with negative contributions to PM mass.



The approach PMF follows to solve Equation (2), is to minimize the sum of the squares of the residuals scaled by the uncertainties of the data points. The task of PMF analysis can thus be described as to minimize Q, which is defined as:


  Q =   ∑   j = 1  m    ∑   i = 1  n     e  i j     2     s  i j     2     



(3)




where    s  i j     is the uncertainty of the jth species concentration in sample i, n is the number of samples [37].



As mentioned earlier, US-EPA PMF 5.0 version was used in this study. Twenty five variables were used as input in the model, and were namely PM, BC, Br, Rb, Sr, Ba, Pb, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti. The variables with signal to noise (S/N) between 0.2 and 2 were defined as “Weak” in the model. PM mass was used as “total variable”. Species with S/N < 0.2 are assigned as “Bad” variables [38] and were excluded from the analysis. The elements defined as “Weak” variables were Na, P, V, Cr, Co, Ni, Br, Zn, Rb and Ba, while Mg was defined as “Bad” variable.



When the decrease in Q becomes small with an increasing number of factors, it is an indication that too many factors are being included in the fit [39]. In this study, a large number of factors (3 to 10) were tested and 4 were found to yield the optimum results. A < 5% difference was estimated between the Q robust and true values, as well as between the Q true and theoretical values. The total number of base runs was set to 100. All runs provided very similar results indicated by the very low difference between the scaled residuals of the different runs. To evaluate the rotational ambiguity of the solution, the uncertainty estimation tools provided by EPA PMF 5.0 were utilized. BS (bootstrap) analysis showed that the factors were stable, and were successfully reproduced at a level of at least 85%. displacement (DIS) and bootstrap-displacement (BS-DIS) analysis did not show any factor swaps for the lowest relevant Q change level. The correlation between modeled and true PM mass was estimated to be high (R2 = 0.75). All statistical indicators and uncertainty estimation tools show that the solution was well resolved, and the results had low uncertainty.



Because the number of species used for the source apportionment analysis represented a small fraction of PM mass, the contribution of the sources cannot be considered representative of the PM mass. Additionally, in such cases, the estimations have high relative uncertainty. For that reason, the source contributions are not reported.




2.5. Trajectory Analysis and Long-Range Transport


To assess the potential influence of long range transport events to PM concentrations, statistical trajectory methods (STMs) were used. The analysis was performed by using the OPENAIR software [40]. The HYSPLIT 4.0 model [41,42] developed by the NOAA (National Oceanic and Atmospheric Administration) was utilized to produce the back trajectory files. For the calculation of the trajectories, the GDAS meteorological database was used, and the calculations were done every 3 h for 120 h back, at a height level of 500 m above ground level (AGL). The STM that was used was the Potential Source Contribution Function (PSCF) [36,43]. The PSCF is estimated as:


  P S C F =    m  i j      n  i j      



(4)




where nij is the number of times that the trajectories passed through the cell (i, j) and mij is the number of times that a source concentration at the receptor was higher than a certain threshold (90th percentile) when the trajectories passed through the cell (i, j).




2.6. Air Quality Index (AQI)


AQI is used to identify the poor air quality zones in urban or industrial zones. The AQI of each pollutant is calculated by Equation (5):


   I p  =    I  H i   −  I  L o     B  P  H i   − B  P  L O        C P  − B  P  L O     +  I  L O    



(5)




where    I p    is the index for pollutant p



	
   C P    is the truncated concentration of pollutant p



	
  B  P  H i     is the concentration breakpoint that is greater than or equal to    C P   



	
  B  P  L O     is the concentration breakpoint that is less than or equal to    C P   



	
   I  H i     is the AQI value corresponding to   B  P  H i    



	
   I  L o     is the AQI value corresponding to   B  P  L O    








3. Results


3.1. Concentration Level of Particulate Matter


The concentration levels of the collected PM size fractions in the two study sites are presented in Table 1.



The mean values of PM2.5–10 concentrations at Hlm and Yoff are 246.16 and 240.03 μg m−3, respectively. The average PM2.5–10 concentration at the two sites is very similar, even though they have different characteristics (industrial and urban). This fact is an indication that anthropogenic emissions are not the dominant factor that affects PM mass in the area, which is most likely affected mainly by natural sources. The 24 hours limit value for the coarse particles in Senegal is 150 μg m−3 [44].



The average PM2.5 concentration at Hlm and Yoff is 280.58 and 302.73 μg m−3, respectively. PM2.5 concentration is higher in Yoff than in Hlm, indicating that urban activities in Dakar have a higher contribution in PM2.5 concentration levels than industrial activities. This might be related to the characteristics of the car fleet used in the city, which might lead to increased traffic-related emissions. Due to the extremely high PM2.5 concentrations, it can be assumed that dust also contributes to this fraction. Although dust particles are mostly related to coarse fractions of PM, it can also contribute significantly to PM2.5, as according to the size distributions, the lower tail of the coarse mode particles is found in PM2.5.




3.2. Elemental Concentration


The mean values and standard deviations of the elemental concentrations of the PM2.5 and PM2.5–10 samples in the two sites are presented in Table 2.



The elements that present the highest concentrations are Ca, Si, Cl, Al, Fe, Na, S, and K. All these elements originate mainly from natural sources, with the exception of K that can be a soil component but can also be emitted from biomass burning. Ca, Si, Al, and Fe are well-known soil components [45]. Na and Cl usually originate from sea salt, especially in coastal areas. S is found in the particulate phase mainly in the form of SO42−, which is formed by the oxidation of its precursor gas SO2. The elemental concentrations also indicate the importance of natural sources in the area, and especially of soil resuspension source.




3.3. Source Apportionment


Four factors with physical meaning were obtained using the EPA PMF model. The identified sources were namely mineral dust, sea salt/secondary sulfates, traffic emissions, and industrial emissions. The chemical composition of the sources is represented by the four factors from the PMF analysis presented in Figure 4.



The first factor has high loadings of Al, Si, and K that clearly indicates mineral dust as the origin source. This source might be somewhat mixed with biomass burning emissions, as K is a tracer of that source as well [46]. The low concentration of BC in the factor indicates that biomass burning contribution to the factor is low.



The second factor contains high concentration of Cl and Br corresponding to sea salt source. The factor also contains a very high percentage of S, which indicates that a factor is mixed with secondary sulfates. The fact that the two sources are mixed might be attributed to synchronous transportation from the sea or coastal region to the sampling point.



Factor 3 is identified as traffic emissions, and it contains a high concentration of BC, Cu, Ni, and Pb (>60%). In this factor we found also Rb and Ba. According to previous studies, Ni, Cu, Zn, Br, and Pb are related to exhaust traffic emissions [47]. Cu originates from break abrasion and Zn from the combustion of lubricating oil and tire wear [48].



Factor 4 is characterized by a high concentration (>50%) of P, Cr, Zn, Fe, Ti, Ca, and Mn that clearly indicates heavy industry, primary refinery, and/or coal mines, as well as the use of lubricant oils [49,50]. Around Hlm site, we found metallurgy industry, food factory, chemical industrial, and gas company.



Probably because of the very high dust load in the region (as indicated by the high concentrations of earth components/elements, >12 μg m−3 as sum of the elements in pure form), the presence of crustal elements/tracers is apparent in every factor. It has been shown in previous publications that if PM of certain origin have really high concentrations in a region (>50 μg m-3), their effect can be identified in other factors [51].




3.4. The Role of Long-Range Transport


The highest concentrations of coarse particulate matter (PM2.5–10) appear to be related to long-range transport from the Sahara desert. The highest concentrations of fine particulate matter (PM2.5) are transported from Mali. PSCF analysis (Figure 5) indicates source areas that affect the receptor during the days that the observed pollutant concentrations at the receptor are high. The fact that long-range transport affects the local PM concentrations, does not mean that the local contributions are low. PSCF analysis also indicates the strong influence of natural sources to PM levels in Dakar, and especially the influence of transported dust from the nearby arid regions. The fact that mineral dust particles affect the concentrations of PM in region, can also be confirmed by the high contributions of soil-related elements (Table 3).




3.5. Air Quality Index (AQI)


The breakpoint concentrations have been defined by the EPA on the basis of National Ambient Air Quality Standards (NAAQS) as shown in Table 3 [52].



The highest individual pollutant index, Ip, represents the (AQI) of the location. The pollution level and status will be highlighted according to the (AQI) number, as shown in Table 3. The situation in an area can be classified from good to hazardous [53]. The conditions for ideal air quality was defined by [28].



Figure 6 and Figure 7 show the distribution of the air quality index (AQI) levels for the particulate matter PM2.5–10 and PM2.5 in Dakar. PM2.5–10 and PM2.5 represent in this study the “key pollutants”. The four major dynamic variables to interpreting the (AQI) time series were energy consumption structure, pollutant emissions, weather and topography of the city [54].



Figure 6 shows that (AQI) for the coarse particles ranges between 35 and 435. The figure includes the measurements conducted at both sites (Yoff and Hlm). The values of (AQI) are high in both areas. Furthermore Yoff site is close to the sea meaning that the air there is generally cleaner. The PM2.5–10 concentration is proportional to values (AQI) of 1.55. According to the findings of the study, the highest (AQI) value recorded in Hlm is approximately 488. This value is very high, even for an industrial area. Regarding Yoff the highest value of (AQI) was found to be approximately 497. We can conclude that Hlm and Yoff cities are severely polluted in PM2.5–10.



In Figure 7, the AQI for PM2.5 is presented. The (AQI) ranged between 199 and 497, which classifies the situation in the city from very unhealthy to hazardous. The (AQI) values for PM2.5 are more important than those of PM2.5–10 because the potential toxicology impact PM2.5 is higher. The highest values of (AQI) are approximately 497 and 488, in Yoff and Hlm, respectively. In contrast to what was found for the coarse particles, the (AQI) for PM2.5 is higher in the urban zone.





4. Conclusions


This study took place in the capital city of Senegal, Dakar; a coastal area of 5 million inhabitants. The measurement campaign took place during the years 2018 and 2019. PM2.5–10 and PM2.5 samples were collected twice per week (one on a working day and one during weekend). The average concentration of PM2.5–10 at Hlm and Yoff were found equal to 246.16 and 240.03 μg m−3, respectively, while the average concentration of PM2.5 was 280.58 and 302.73 μg m−3, respectively. The concentration of the coarse particles was higher in Hlm, whereas the fine particles are more important in Yoff site. The elemental composition of the PM samples was determined using XRF. The elements that present the highest concentrations are Ca, Si, Cl, Al, Fe, Na, S, and K. All these elements originate mainly from natural sources, with the exception of K that can be a soil component but can also be emitted from biomass burning. According to PSCF, the high PM2.5 and PM2.5–10 concentration levels were related to long-range transportation events from Mali and Sahara desert, respectively. The sources of PM2.5–10 and PM2.5 were identified using EPA PMF 5.0. Four PM sources were identified: industrial emissions, mineral dust, traffic emissions, and sea salt/secondary sulfates. (AQI) for the coarse particles ranged between 35 and 435, and based on those findings, it can be said that Hlm and Yoff cities are severely polluted in PM2.5–10. (AQI) for PM2.5 ranged between 199 and 497, which classifies the situation in the city from very unhealthy to hazardous.



This study is the first study that investigates the sources of PM2.5–10 and PM2.5 in Dakar. The information summarized are important as it can provide information to the people and the government of Senegal about the particulate related pollution in the area. It must be notted here that the extremely high particulate levels found in Dakar are mainly due to mineral particles (desert dust and locally resuspended mineral particles). It is not easy to aseess the pollution levels based only on an AQI calculation that takes into account the concentrations of suspended particles, even though the concentrations of fine particles are indeed very high. The relatively limited available data concerning the chemical composition of PM (and the lack of data about gas concentrations) do not allow to conclude definitively about the seriousness of the air pollution in Dakar, since as stated before the estimates presented in this study are based mainly on the overall concentration, and not on PM chemical composition. Further studies will be necessary to arrive at a more realistic state of air quality in this city, that include the measurement of additional PM chemical components and better quantification of source contributions.
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Figure 1. Location of the Hlm and Yoff sampling sites. 
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Figure 2. ANSTO Multi-wavelength absorption black carbon instrument (MABI) Unit. 
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Figure 3. Mass absorption coefficient vs wavelength for nucleopore filters. 
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Figure 4. PM sources profiles. The bars represent the normalized concentration of the species in the profile, and the squares show the contribution of the source to the average species concentration with (a) Mineral Dust, (b) Sea Salt/Secondary Sulfur, (c)Traffic and (d) Industry emissions. 
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Figure 5. Potential Source Contribution Functions (PSCFs) for the 85th percentile of (a) PM2.5 to Hlm, (b) PM2.5–10 to Hlm, (c) PM2.5 to Yoff and (d) PM2.5–10 to Yoff. 
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Figure 6. Evolution of PM2.5–10 concentration and air quality index (AQI) values with time. 






Figure 6. Evolution of PM2.5–10 concentration and air quality index (AQI) values with time.



[image: Atmosphere 12 00182 g006]







[image: Atmosphere 12 00182 g007 550] 





Figure 7. Evolution of PM2.5 concentration and AQI values with time. 
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Table 1. Particulate matter (PM)2.5–10 and PM2.5 mass concentrations at Hlm and Yoff sites during the study period in μg m−3.
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Sites

	
Hlm

	
Yoff






	
Particulate Matter

Mean

Median

Maximum

Minimum

	
PM2.5–10

246.16

207.80

538.47

123.55

	
PM2.5

280.58

259.55

482.29

184.80

	
PM2.5–10

240.03

203.81

501.89

22.24

	
PM2.5

302.73

290.13

494.69

148.27
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Table 2. The average concentration and standard deviation (Stdev) of the elemental concentrations in sites during the studied period in μg m−3.
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	BC
	Na
	Mg
	Al
	Si
	P
	S
	Cl
	K
	Ca
	Ti
	Pb





	Mean
	3.6
	0.57
	0.11
	1.26
	3.10
	0.13
	0.50
	2.19
	0.37
	5.71
	0.2
	0.13



	Stdev
	0.47
	0.18
	0.03
	0.21
	0.51
	0.03
	0.05
	0.36
	0.03
	0.61
	0.02
	0.03



	
	V
	Cr
	Mn
	Fe
	Co
	Ni
	Cu
	Zn
	Br
	Rb
	Sr
	Ba



	Mean
	0.01
	0.01
	0.01
	2.17
	0.002
	0.01
	0.03
	0.07
	0.01
	0.013
	0.03
	0.02



	Stdev
	0.001
	0.001
	0.004
	0.233
	0.001
	0.001
	0.003
	0.009
	0.002
	0.003
	0.003
	0.004
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Table 3. Breakpoint Concentration of air pollutants defined by U.S. EPA.
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These Breakpoints

	
Equal This AQI

	
This Category






	
O3 (ppm) 8-h

	
O3 (ppm) 1-h

	
PM2.5 (μg m−3) 24-h

	
PM2.5–10 (μg m−3) 24-h

	
CO (ppm) 8-h

	
SO2 (ppb) 1-h

	
NO2 (ppb) 1-h

	
AQI

	




	
0.000–0.054

	
-

	
0.0–12.0

	
0–54

	
0.0–4.4

	
0–35

	
0–53

	
0–50

	
Good




	
0.055–0.070

	
-

	
12.1–35.4

	
55–154

	
4.5–9.4

	
36–75

	
54–100

	
51–100

	
Moderate




	
0.071–0.085

	
0.125–0.164

	
35.5–55.4

	
155–254

	
9.5–12.4

	
76–185

	
101–360

	
101–150

	
Unhealthy for Sensitive Groups




	
0.086–0.105

	
0.165–0.204

	
55.5–150.4

	
255–354

	
12.5–15.4

	
(186–304)

	
361–649

	
151–200

	
Unhealthy




	
0.106–0.200

	
0.205–0.404

	
150.5–250.4

	
355–424

	
15.5–30.4

	
(305–604)

	
650–1249

	
201–300

	
Very unhealthy




	

	
0.405–0.504

	
250.5–350.4

	
425–504

	
30.5–40.4

	
(605–804)

	
1250–1649

	
301–400

	
Hazardous




	

	
0.505–0.604

	
350.5–500.4

	
505–604

	
40.5–50.4

	
(805–1004)

	
1650–2049

	
401–500

	
Hazardous
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